Introduction {#Sec1}
============

Bipolar disorder (BPD) is a complex mental illness with considerable genetic heritability^[@CR1]--[@CR4]^. The neurobiology of BPD is not yet fully understood, but accumulating studies have suggested the essential roles of aberrant synaptic function in specific brain regions relevant to emotion and cognition in BPD pathogenesis^[@CR5]--[@CR7]^. In lieu with the putative roles of genetic risk factors in the pathogenesis of BPD, genome-wide association studies (GWAS), the approach widely recognized as effective in identifying genetic risk loci for psychiatric disorders^[@CR8]--[@CR12]^, have been performed in European and Japanese populations and have reported a number of BPD susceptibility loci spanning genes including *ANK3*, *CACNA1C*, *NCAN*, and others^[@CR13]--[@CR22]^. The largest BPD GWAS so far is performed by the Psychiatric Genomics Consortium Bipolar Disorder (PGC-BP) group. They conducted a meta-analysis of multiple GWAS datasets including 20,352 BPD patients and 31,358 controls in European populations, followed by replication analyses of the significant loci (*p* \< 1 ⨯ 10^−4^) in an additional 9412 cases and 137,760 controls^[@CR14]^. This combined meta-analysis of the GWAS discovery and replication samples (named BPD PGC2 GWAS) yielded 30 leading single nucleotide polymorphisms (SNPs) showing genome-wide significance^[@CR14]^. Before BPD PGC2 GWAS, another two BPD GWAS of smaller samples (these samples were partially overlapped with that of BPD PGC2 GWAS) recruited from European populations have also found several SNPs showing genome-wide level of statistical significance^[@CR15],[@CR18]^. The progress of BPD genetic studies in Asians have also recently emerged, as a GWAS carried out in Japanese have lately identified additional novel risk variants for this illness, suggesting the potential genetic overlap and heterogeneity of BPD between distinct continental populations^[@CR17]^. These discoveries motivated further characterization of BPD genetic risk factors in other populations, as well as validation of the identified risk associations to understand the generalizability of current GWAS findings.

For these purposes, we thus sought to explore the unclear genetic basis of BPD in Chinese populations. While Chinese populations make up around one fifth of the total world, the progress of genetic analyses for BPD in Han Chinese has been much slower compared to that in other cohorts. Till now, no genome-wide significant risk variants for BPD in Han Chinese population have been reported^[@CR23]^, and replication studies of European GWAS loci in Chinese BPD sample have been barely published. We recruited 1146 BPD patients and 1956 control subjects from Mainland China to replicate the associations of the 21 risk variants highlighted in previous BPD GWAS (Table [1](#Tab1){ref-type="table"}). Given the hypothesis that risk variants usually contribute to the illnesses by modulating the expression of nearby genes^[@CR24],[@CR25]^, we have also collected 65 brain amygdala tissues from nonpsychiatric individuals of Han Chinese ancestry, and tested whether the BPD risk SNPs affected expression levels of particular genes.Table 1Replication analyses of GWAS loci for bipolar disorder in an independent Han Chinese sample (1146 BPD cases and 1956 controls)CHRSNPPOSNearest GeneAlleleOR*p*ValueRef.FrequencyTwo-tailed *p* valueOne-tailed *p* valueOR95% CIsCaseControl2**rs17183814**166152389*SCN2A*G/A1.1422.02E−09140.8730.8560.0623**0.0311**1.1530.993-1.3403rs230241752814256*ITIH3*T/A1.0766.59E−11140.6090.5900.1440.07181.0830.974-1.2053**rs3804640**107793709*CD47*A/G1.0651.99E−08140.8650.8480.0738**0.0369**1.1470.987-1.3344rs11724116162294038*FSTL5*C/T1.0882.37E−08140.8630.8580.5710.2851.0450.898-1.2156rs10455979166995260*RPS6KA2*G/C1.0644.31E−08140.7030.7150.3360.1680.9440.840-1.0617**rs4236274**1896413*MAD1L1*A/G1.1498.49E−12150.4780.445**0.01460.00731**1.1401.026-1.2667**rs4332037**1950809*MAD1L1*T/C1.1701.91E−09170.1150.097**0.02090.0104**1.2181.030-1.4419rs1255332423347865*ELAVL2*G/C1.1205.87E−09150.4980.5120.2970.1480.9460.853-1.05010rs10821745\*62136206\**ANK3*G/T1.1456.76E−09140.2380.2360.8350.4181.0130.896-1.14510**rs78089757**127112829intergenicA/G1.4103.99E−07170.0260.0190.0881**0.0440**1.3580.955-1.93111**rs174576**61603510*FADS1/2*A/C1.1301.34E−10170.4570.430**0.04590.0229**1.1101.002-1.23011rs712253966662731*RCE1*G/A1.0673.77E−08140.5170.4960.1130.05651.0860.980-1.20411rs1257568570517927*SHANK2*A/G1.0737.71E−09140.2780.2650.2850.1431.0660.948-1.19711rs1229081179083620*ODZ4*A/T1.1907.81E−11180.0620.0570.4280.2141.0930.878-1.36011rs329674133776948*LOC646543*A/G1.2209.59E−08170.1930.1980.6780.3390.9730.855-1.10712rs107445602387099*CACNA1C*T/C1.0763.62E−10140.0600.0530.2870.1431.1300.902-1.41515rs444739842904904*HAUS2*A/C1.0999.37E−09140.2700.2740.7010.3500.9770.870-1.09916rs116474459926966*GRIN2A*G/T1.0791.08E−10140.0760.0760.9780.4891.0030.826-1.21717rs763177188222777*ARHGEF15*G/T1.1902.24E−07170.7230.7250.8480.4240.9890.882-1.10917rs11211476442201041*HDAC5*G/T1.0712.45E−08140.8020.7900.2440.1221.0800.949-1.22920rs613076443750410*STK4*T/C1.0643.25E−08140.8590.8550.7320.3661.0270.883-1.194**Note:**^\*^rs10821745 is a proxy SNP for rs10994318 (*r*^2^ = 0.945 in Chinese and *r*^2^ = 1.000 in Europeans from 1000 Genomes Project), which has been reported in a previous GWAS^[@CR14]^, and the rs10821745's position is also shown in Table [1](#Tab1){ref-type="table"}The frequency and OR are based on the first allele shown in the fifth column*CHR* chromosome, *SNP* single nucleotide polymorphism, *POS* position, *OR* odds ratio, *Ref.* reference, *CIs* confidence intervalsThe significant *p* values (*p* \< 0.05) were marked in bold

Methods {#Sec2}
=======

Chinese BPD case--control sample {#Sec3}
--------------------------------

With the aim to build a DNA resource pool for investigating the genetic bases of BPD in Han Chinese population, we have initially recruited a total of 1146 BPD cases and 1956 controls of Han Chinese origin from Mainland China. The protocol was approved by the institutional review board of the Kunming Institute of Zoology, Chinese Academy of Sciences and the ethics committees of all participating hospitals and universities. All participants provided written informed consents before any study-related procedures were performed.

The BPD patients were collected from multiple provinces of Mainland China, including mental health centers and psychiatric departments of general hospitals. Each patient was diagnosed as having BPD by a consensus of at least two experienced psychiatrists. Diagnoses were further confirmed with an Extensive Clinical Interview and a Structured Clinical Interview for DSM-IV Axis/Disorders, Patient Version (SCID-P), as previously described^[@CR26],[@CR27]^. Cases were excluded if they had either a pre-existing history of schizophrenia, mental retardation, or drug/alcohol addiction. Subjects with concurrent diagnosis of other mental illnesses were also excluded to minimize potential compounding conditions in our analysis. The control subjects were recruited from Mainland China with their medical and family history information records. Subjects with any history of major neuropsychiatric or neurological disorders (e.g., BPD, depression, schizophrenia, attention deficit hyperactivity disorder, and mental retardation), or with a family history of severe mental illnesses, were excluded from this study.

SNP selection {#Sec4}
-------------

A total of 21 SNPs were selected based on the results of four previous BPD GWAS studies in European and Japanese populations^[@CR14],[@CR15],[@CR17],[@CR18]^. Among them, 13 SNPs (rs17183814, rs2302417, rs3804640, rs11724116, rs10455979, rs10821745, rs7122539, rs12575685, rs10744560, rs4447398, rs11647445, rs112114764, and rs6130764) were selected from the BPD PGC2 GWAS (29,764 cases and 169,118 controls of European ancestry) because of their genome-wide significant associations with BPD^[@CR14]^. Two genome-wide significant SNPs (rs4236274 and rs12553324) were chosen from Hou et al. GWAS (9784 cases and 30,471 controls of European origin)^[@CR15]^. One genome-wide risk SNP (rs12290811) was obtained from Muhleisen et al.^[@CR18]^ GWAS (9747 cases and 14,278 controls of European ancestry), and five additional SNPs (rs4332037, rs78089757, rs174576, rs329674, and rs76317718) were chosen from a previous GWAS study by Ikeda et al.^[@CR17]^ (2964 cases and 61,887 controls of Japanese origin, and 7481 cases and 9250 controls of European ancestry). In this trans-ethnic analysis performed by Ikeda et al.^[@CR17]^, two (rs4332037 and rs174576) of the five selected SNPs showed genome-wide significant associations with BPD in both Europeans and Japanese; the other three SNPs (rs78089757, rs329674, and rs76317718), though not highlighted in cross-population analysis, all showed marginal genome-wide significance in Japanese (*p* \< 5.00E−07). Given the similar genetic background between Japanese and Han Chinese populations, we also examined whether these three SNPs (rs78089757, rs329674, and rs76317718) were associated with BPD in Han Chinese, and whether the associations could reach genome-wide level of significance when all the East Asian samples were combined. The statistics (*p* values and odds ratios (ORs)) of the 21 SNPs were retrieved from the original studies and summarized in Table [1](#Tab1){ref-type="table"}.

SNP genotyping {#Sec5}
--------------

Peripheral venous blood samples were collected and were stored at −80 °C. Genomic DNA was extracted from peripheral blood leukocytes using high-salt extraction procedures according to the manufacturer's protocol. Each sample was genotyped at a multiplex level per well on a custom array using the Sequenom MassARRAY system following the manufacturer's instructions, which is similar to a previous study^[@CR28]^. The software MassARRAY TYPER 4.0 was used to analyze the mass spectrograms and to call the SNP genotypes. Raw genotype data (cluster plots) of the SNPs were visually assessed by two investigators. All assays were performed blind to diagnosis and genotype.

Statistical analysis in Chinese sample {#Sec6}
--------------------------------------

Hardy--Weinberg equilibrium test was performed for all SNPs in controls using Pearson *χ*^2^-test with one degree of freedom. PLINK (v1.07) was used to analyze the statistical association between single SNPs and illness conditions, i.e., to calculate the allelic p-values, ORs and 95% confidence intervals (CIs)^[@CR29]^. In the direct replication analysis of previously reported SNPs, we also applied one-tailed test in our Han Chinese sample, while in the meta-analysis of all available samples, two-tailed tests were used. Haplotype analysis was performed using the online SHEsis website (<http://analysis.bio-x.cn/>)^[@CR30],[@CR31]^, and only haplotypes with frequencies higher than 0.001 in both cases and controls were considered. The regional association results were plotted using LocusZoom (<http://locuszoom.sph.umich.edu/locuszoom/>)^[@CR32]^.

Meta-analysis across different samples {#Sec7}
--------------------------------------

After calculating the statistics of the 21 SNPs in our Han Chinese sample, we then conducted meta-analysis of data from this Chinese sample and previous published GWAS studies. Specifically, we performed meta-analysis of the 13 SNPs (rs17183814, rs2302417, rs3804640, rs11724116, rs10455979, rs10821745, rs7122539, rs12575685, rs10744560, rs4447398, rs11647445, rs112114764, and rs6130764) chosen based on the PGC2 GWAS (European ancestry)^[@CR14]^ using data from our Chinese sample and the PGC2 GWAS (including both discovery and replication stages, a total of 29,764 cases and 169,118 controls, data were from Table [S2](#MOESM1){ref-type="media"} in their study^[@CR14]^); for the two SNPs (rs4236274 and rs12553324) retrieved from Hou et al. GWAS^[@CR15]^, the meta-analysis was performed using statistics from our Chinese sample and the original Hou et al. GWAS (including both discovery and replication stages, a total of 9784 cases and 30,471 controls, data were from Table [2](#Tab2){ref-type="table"} in their study^[@CR15]^); the SNP rs12290811 chosen from the GWAS by Muhleisen et al.^[@CR18]^ underwent meta-analysis using data obtained from our Chinese sample and their original study (including both discovery and replication stages, a total of 9747 cases and 14,278 controls, data were from Table [2](#Tab2){ref-type="table"} in their study^[@CR18]^). We also examined five additional SNPs (rs4332037, rs78089757, rs174576, rs329674, and rs76317718) reported in the Ikeda et al. GWAS^[@CR17]^. Notable, meta-analysis of rs174576, the SNP significantly linked to BPD in both Japanese and European individuals, was conducted using data from our Chinese sample, two Japanese samples, and a European study^[@CR22]^ (including 20,129 cases and 21,524 controls, the sample size was different from PGC1^[@CR21]^ or PGC2^[@CR14]^ GWAS). Rs78089757 was not polymorphic in Europeans, and meta-analysis of the SNP was therefore conducted in solely East Asian populations, including our primary Chinese sample, three additional Chinese control sample sets, as well as two Japanese samples^[@CR17]^. The meta-analysis of other three SNPs (rs4332037, rs329674, and rs76317718) was conducted using data from our Chinese sample and the data shown in Ikeda et al.^[@CR17]^ (from either Table [1](#Tab1){ref-type="table"} or Table [2](#Tab2){ref-type="table"} of their study). The detailed information about the sample size and source of data for each SNP during meta-analysis is shown in Table [S1](#MOESM1){ref-type="media"}. The *metafor* package in R was used to obtain pooled estimates of ORs across different samples, and to test for heterogeneity of the ORs^[@CR33]^.Table 2Associations of rs174576\[A-allele\] with bipolar disorder in world populationsSampleEthnicsCaseControlFre_CaseFre_ControlTwo-tailed *p* valueOR95% CIsChinaChinese114619560.4570.4300.04591.1101.002--1.230Japan 01^[@CR17]^Japanese154574080.4140.3790.0001811.1601.073--1.255Japan 02^[@CR17]^Japanese141954,4790.4230.3839.36E−061.1901.102--1.285PGC^[@CR22]^European20,12921,5240.3580.3413.43E−061.0741.042--1.108Meta-analysis24,23985,367Fixed effect model9.33E−131.0981.070--1.127Random effects model2.92E−051.1261.065--1.190**Note:** Test of heterogeneity: *I*^2^ = 63.2%, *p* value = 0.0431; *OR* odds ratio, *CIs* confidence intervals

Expression quantitative trait loci (eQTL) analyses in public datasets {#Sec8}
---------------------------------------------------------------------

We explored the impact of BPD risk SNPs on gene expression levels in human brains. For this analysis, three public gene expression datasets of genome-wide genotype data as well as RNA-seq data were used. These datasets are (1) BrainSeq^[@CR34]^, (2) Genotype-Tissue Expression project (GTEx)^[@CR35]^, and (3) Brain xQTL^[@CR36]^.

BrainSeq (<http://eqtl.brainseq.org/phase1/eqtl/>) contains data of polyA + RNA-seq expression quantitative trait loci (eQTL) associations in the dorsolateral prefrontal cortex (DLPFC) tissues collected from 175 schizophrenia patients and 273 controls^[@CR34]^. These individuals were all aged \>13 and were mainly Caucasians and African Americans. As described in the website, the RNA-seq data was analyzed under the additive genetic effect model for the eQTL results, and was adjusted for sex, ancestry, and expression heterogeneity (principal components). We herein retrieved the results of eQTL associations from the 273 unaffected controls only. Detailed information about the BrainSeq can be found in the original publication^[@CR34]^.

The GTEx (<https://www.gtexportal.org/>) contains information of both genetic variation and RNA-seq mRNA expression from diverse human tissues. So far, data of more than 3797 tissues from 150 postmortem donors are available for research purpose. We have thus retrieved the results of eQTL associations from the 118 frontal cortex (BA9) of healthy controls for the current study. Detailed information can be found in the original report^[@CR35]^.

The Brain xQTL Serve (<http://mostafavilab.stat.ubc.ca/xQTLServe/>) allows assessment of the impact of genetic variation on multiple types of molecular traits derived from the human brain cortex^[@CR36]^. Their samples were mainly collected using autopsies from participants of the Religious Orders Study and the Rush Memory and Aging Project. As described in this early study^[@CR36]^, postmortem frozen samples of the DLPFC were obtained from these individuals, and polyA + RNA-seq gene expression (*n* = 494) analyses were performed using these samples. The effects of known (e.g., RNA integrity number, sex, age, diagnostic status, pH, PMI, and batch effects) and hidden (e.g., RNA quality and variation in cell type proportions) confounding factors were removed from the molecular phenotype data using linear regression. The authors employed Spearman's rank correlation to estimate the association between each SNP and gene expression. This dataset provides statistical results, and the visual plots are not available in their website at the time we accessed. Detailed information can be found in the original study^[@CR36]^.

Replication of eQTL effects in Chinese brain amygdala sample {#Sec9}
------------------------------------------------------------

In order to replicate the observed eQTL associations of BPD risk SNPs in Chinese population, we also collected amygdala tissues of 65 nonpsychiatric controls from the Chinese Brain Bank Center. It is recognized that patients with BDP normally showed mood dysregulation as well as impaired cognitive, social, and autonomic functions^[@CR3],[@CR4],[@CR37]^. Amygdala is primarily related to emotion, mood, and cognition^[@CR38]^, and is therefore believed to be an important brain region in the pathogenesis of BPD. Indeed, decrease of brain amygdala volume was frequently observed in BPD patients compared to healthy controls^[@CR37],[@CR39]--[@CR43]^, and functional magnetic resonance imaging studies have also revealed aberrant amygdala activation in BPD patients compared with normal subjects^[@CR37],[@CR44]--[@CR48]^. We thus believe that this amygdala sample will provide pivotal information regarding the molecular mechanisms underlying BPD pathogenesis in Chinese population.

Total RNAs from the brain amygdala tissues were isolated by TRIzol reagent (Life technologies, USA) according to the manufacture's protocol. The complementary DNA (cDNA) was synthesized by using a first strand cDNA synthesis kit (K1612, ThermoFisher Scientific, USA). The reverse transcription reaction mixture included 2 μg total RNA, 1.0 μL random hexamer primer, 4.0 μL 5× reaction buffer, 1.0 μL dNTP mix, 2.0 μL RiboLock RNase inhibitor, 2.0μL M-MuLV reverse transcriptase and nuclease-free water in a final volume of 20 μL. The reverse transcription reaction was incubated for 5 min at 25 °C and followed by 60 min at 42 °C. After the reverse transcription reaction, 80 μL nuclease-free water was added to make the final volume of 100 μL, for further transcription analysis. For quantitative real-time polymerase chain reaction (qRT-PCR), the reaction mixture contained 10.0 μL 2× SYBR master mix (Roche, USA), 2.0 μL primers (10 μM), 1.0 μL cDNA and 7.0 μL nuclease-free water. The qRT-PCR was performed on a 7900HT Fast Real-Time PCR System (Applied Biosystems, USA) following the program that firstly 95 °C for 10 min, followed by 40 repeated cycles of 95 °C for 15 s and 60 °C for 30 s. The *FADS1* expression was determined by relative quantitative analysis and *RPS13* was employed as an internal control gene. The relative gene expression was presented as the means of --ΔCt for a statistical test against genotypic groups^[@CR49]^, and the *p* values were calculated using one-way ANOVA. The sequences of primers used for amplification of *RPS13* were 5′-CCCCACTTGGTTGAAGTTGA-3′ (forward) and 5′-CTTGTGCAACACCATGTGAA-3′ (reverse), and sequences of primers for *FADS1* were 5′-TATATGCCGTACAACCACCAGC-3′ (forward) and 5′-GAAGCGGACGTAGAAGGTAATCA-3′ (reverse).

Cross-disorder analysis using statistical data from CONVERGE GWAS {#Sec10}
-----------------------------------------------------------------

Previous studies have suggested substantial genetic overlap between BPD and major depressive disorder (MDD)^[@CR50]--[@CR53]^. To investigate if the aforementioned BPD risk SNPs were also associated with risk of MDD in Han Chinese population, we utilized data of Han Chinese individuals from the previously published CONVERGE MDD GWAS^[@CR10]^. In brief, the CONVERGE GWAS consisted of 5303 MDD cases and 5337 mentally healthy controls, in which the MDD cases were diagnosed according to the DSM-IV criteria^[@CR10]^. As described earlier, controls were recruited either from local communities or from the patients who underwent minor surgical procedures at the general hospitals. Detailed information about the sample composition, quality control, and statistical methods can be found in the original study^[@CR10]^.

Results {#Sec11}
=======

Of the 3102 individuals genotyped, 1794 were male and 1308 were female. The final genotyping rate was 0.9855. The allele and genotype frequencies of the 21 SNPs are shown in Table [1](#Tab1){ref-type="table"} and Table [S2](#MOESM1){ref-type="media"}. Sixteen of the 21 (76.2%) SNPs exhibited the same direction of allelic effects regarding their roles in BPD susceptibility in our Han Chinese sample compared with previous GWAS. Six SNPs had nominal significant associations with the illness (*p* \< 0.05, Table [1](#Tab1){ref-type="table"}) at one-tailed test in our Chinese samples, and two additional SNPs showed marginal significance (*p* \< 0.10, Table [1](#Tab1){ref-type="table"}). Meta-analysis combining our Chinese samples with data of previous studies yielded genome-wide significant associations for 15 these tested SNPs (two-tailed *p* \< 5.00E−08, Table [S1](#MOESM1){ref-type="media"}).

*FADS1* is a risk gene for bipolar disorder {#Sec12}
-------------------------------------------

Our study, rather than providing solely the above replication results of previously reported SNPs, has also highlighted several SNPs for further analyses. First, rs174576 in *FADS1/2* region, the SNP showing genome-wide significant association in the meta-analysis of Japanese and European PGC1 GWAS samples (two-tailed *p* = 1.34E−10, OR = 1.130)^[@CR17]^, is also significantly associated with BPD in our Han Chinese sample (one-tailed *p* = 0.0229, OR = 1.110, Table [1](#Tab1){ref-type="table"}). When our Han Chinese samples were combined with data from previous GWAS samples of Japanese^[@CR17]^ (2964 cases and 61,887 controls) and Europeans^[@CR22]^ (20,129 cases and 21,524 controls) for further meta-analysis, a stronger genome-wide association between rs174576 and BPD was seen under fixed effect model (two-tailed *p* = 9.33E−13, OR = 1.098, Table [2](#Tab2){ref-type="table"}).

The allele frequencies of rs174576 in European and East Asian populations are similar (Figure [S1](#MOESM1){ref-type="media"}), and in both populations there are multiple SNPs in high linkage disequilibrium (LD) with rs174576 (*r*^2^ \> 0.8, Figure [S2](#MOESM1){ref-type="media"}). Although it is difficult to determine the potential causative variant for this locus, functional prediction in GWAVA dataset (<http://www.sanger.ac.uk/sanger/StatGen_Gwava>)^[@CR54]^ and HaploReg (<http://archive.broadinstitute.org/mammals/haploreg/haploreg.php>)^[@CR55]^ showed several SNPs deserving further investigation (Table [S3](#MOESM1){ref-type="media"} and Figure [S3](#MOESM1){ref-type="media"}).

To gain more insights into this issue, we conducted eQTL analysis in brain tissues as it is proven to be effective in discovering the underlying molecular mechanism of risk association^[@CR56]--[@CR58]^. This approach has little dependence on the causative variant, and LD SNPs of the causative variant could also show eQTL associations with the relevant gene expression^[@CR24],[@CR25]^. Briefly, eQTL analysis of rs174576 with nearby gene expression in brain samples was performed using BrainSeq as the discovery sample^[@CR34]^. In this dataset, we observed that rs174576 was significantly associated with the gene expression of *FADS1* (two-tailed *p* = 2.65E−10, Fig. [1](#Fig1){ref-type="fig"}), with the BPD risk allele \[A\] predicting lower levels of *FADS1* mRNA. We then examined the eQTL association between rs174576 and *FADS1* using the GTEx and Brain xQTL datasets^[@CR35],[@CR36]^, and the above finding was reproduced (two-tailed *p* = 1.60E−05 in GTEx and two-tailed *p* = 6.77E−14 in Brain xQTL, Fig. [1](#Fig1){ref-type="fig"} and Table [S4](#MOESM1){ref-type="media"}, respectively), with the eQTL associations in the three datasets all in the same directions. We then conducted eQTL analysis between rs174576 and *FADS1* expression in our Han Chinese amygdala samples (*n* = 65) to validate if this eQTL association exists across different ethnic populations, and more intriguingly, we found that rs174576 was also significantly associated with *FADS1* expression in Han Chinese (two-tailed *p* = 0.0357, Fig. [1](#Fig1){ref-type="fig"}). Together, these data strongly support the important role of rs174576 and *FADS1* in BPD pathogenesis, and the causal factors among rs174576 and its linked SNPs remains to be determined. We also tested the association between rs174576 and the expression of *FADS2* in the above mRNA datasets, but did not see significant associations (Tables [S4](#MOESM1){ref-type="media"} and [S5](#MOESM1){ref-type="media"}). In the Brain xQTL dataset, rs174576 was also significantly associated with *TMEM258* expression (Table [S4](#MOESM1){ref-type="media"}), but this association was not replicated in GTEx or BrainSeq database (Table [S5](#MOESM1){ref-type="media"}), and was therefore not followed up in our Chinese amygdala sample.Fig. 1Association of rs174576 with *FADS1* mRNA expression in BrainSeq (**a**), GTEx (**b**), and our own Chinese sample (**c**). DLPFC dorsolateral prefrontal cortex, FC frontal cortex

*MAD1L1* SNPs and haplotypes are associated with bipolar disorder {#Sec13}
-----------------------------------------------------------------

Besides rs174576, SNPs (rs4236274 and rs4332037) in *MAD1L1* also worth further investigations. Rs4236274 and rs4332037 are two SNPs in close proximity (54.4 kb between each other, their positions are shown in Figure [S4](#MOESM1){ref-type="media"}) in the intron regions of *MAD1L1*. The two SNPs are in weak LD in both European and East Asian populations from 1000 Genomes Project^[@CR59]^ (both *r*^2^ = 0.085), which was further seen in our own Han Chinese samples (*r*^2^ = 0.123). More importantly, the two (partially) independent SNPs have been reported to be genome-wide significantly associated with BPD in different GWAS studies^[@CR15],[@CR17]^. In Hou et al. GWAS comprising of all European individuals^[@CR15]^, rs4236274 showed genome-wide significant associations (two-tailed *p* = 8.49E−12, OR = 1.149, Table [1](#Tab1){ref-type="table"} and Figure [S4](#MOESM1){ref-type="media"}), while rs4332037 only displayed nominal associations (two-tailed *p* = 0.00392, Figure [S4](#MOESM1){ref-type="media"}). In Ikeda et al.^[@CR17]^ GWAS including Japanese and European populations, rs4332037 was genome-wide significantly associated with BPD (two-tailed *p* = 1.91E−09, OR = 1.170, Table [1](#Tab1){ref-type="table"}). In the current Han Chinese sample, both SNPs exhibited nominal significant associations with BPD (rs4236274, one-tailed *p* = 0.00731, OR = 1.140; rs4332037, one-tailed *p* = 0.0104, OR = 1.218; Table [1](#Tab1){ref-type="table"}) in the same allelic directions and similar effect sizes compared with the previous GWAS studies^[@CR15],[@CR17]^.

Given that rs4236274 and rs4332037 are in low LD, we also conducted the haplotype analysis of these two SNPs in our Han Chinese sample, and found that a common protective haplotype (G--C) showed significantly lower frequency in BPD cases (0.518) compared with controls (0.553) (haplotype *p* = 0.00845, OR = 0.868, Fisher's exact test, Table [3](#Tab3){ref-type="table"}). Global test also confirmed the haplotype analysis results (Global *p* = 0.00786, Fisher's exact test). These results suggest that there are likely (at least partially) independent risk association signals in the *MAD1L1* region, and there might be other causative variants remains to be identified. Overall, our single SNP and haplotype analyses support that *MAD1L1* is a risk locus for BPD in Chinese population. However, neither of these *MAD1L1* SNPs are associated with any gene expression in brains in the published eQTL datasets (data not shown)^[@CR34]--[@CR36]^, further studies elucidating their functional impacts are thus needed.Table 3Haplotype analyses of *MAD1L1* rs4236274-rs4332037 with bipolar disorder in Chinese populationsHaplotypeFrequency*χ* ^2^Fisher's *p* valuePearson's *p* valueOR95% CIsCaseControlA--C0.3710.3502.5970.1070.1071.0940.981--1.220A--T0.1070.0952.0330.1540.1541.1340.954--1.349G--C0.5180.5536.940**0.008460.00845**0.8680.782--0.964G--T0.0040.0015.202**0.02260.0226**3.2611.112--9.557Global result: Global *χ*^2^ is 11.879 while d*f* = 3 (frequency \< 0.001 in both control and case has been dropped)Fisher's *p* value is 0.00786; Pearson's *p* value is 0.00781. *OR* odds ratio, *CIs* confidence intervals

A rare variant rs78089757 is genome-wide significantly associated with bipolar disorder in East Asians {#Sec14}
------------------------------------------------------------------------------------------------------

In addition, we have also replicated the nominal or marginal significant associations at several other loci, such as rs2302417 in *ITIH3* and rs17183814 in *SCN2A* (one-tailed *p* value \< 0.10, Table [1](#Tab1){ref-type="table"}). Among these, there is a SNP rs78089757 located in 10q26.13 (intergenic region), which has been previously reported in a Japanese GWAS^[@CR17]^, did not achieve genome-wide significance (two-tailed *p* = 3.99E−07, OR = 1.410, Table [1](#Tab1){ref-type="table"}) probably due to the limited sample size. According to previous studies^[@CR17]^, this SNP is rare in Japanese population (minor allele frequency \< 0.05), and is almost monomorphic in European populations (not included in the current GWAS of BPD in European populations probably due to its low frequency). We thus checked the data from 1000 Genomes Project^[@CR59]^ and confirmed that rs78089757 is also a rare SNP in Chinese population. We then performed further tests to understand its role in the genetic risk of BPD in Chinese, and found that rs78089757 was also nominally associated with BPD in 1146 cases and 1956 controls (one-tailed *p* = 0.0440, OR = 1.358, Table [1](#Tab1){ref-type="table"}), with similar effect size as that in the Japanese GWAS^[@CR17]^. To maximize the statistical power of our analyses, we then collected all available genotypic data through combining Han Chinese control subjects from 1000 Genomes Project^[@CR59]^ (*n* = 208 individuals), CONVERGE Consortium^[@CR10]^ (*n* = 5222 subjects), and an additional control cohort (*n* = 1908 individuals) with our own Han Chinese sample, and the association became stronger in the combined analysis (one-tailed *p* = 0.00176, OR = 1.526 in a total of 1146 cases and 9294 controls, Table [4](#Tab4){ref-type="table"}). A meta-analysis combining Han Chinese data with Japanese GWAS^[@CR17]^ showed that rs78089757 was genome-wide significantly associated with BPD (two-tailed *p* = 5.22E−09, OR = 1.429, Table [4](#Tab4){ref-type="table"}), indicating that it is likely a risk SNP in East Asian populations. While rs78089757 could be an East Asian specific risk locus, but whether it is involved in BPD susceptibility in European populations remains unclear. Current European GWAS studies have not covered this SNP, and its surrounding genetic variations were not associated with BPD in European populations (the statistical data was from Hou et al. GWAS^[@CR15]^, a total of 3095 SNPs in this region were included, and the regional-wide corrected *p* value should be 0.05/3095 = 1.62E−05, Figure [S5](#MOESM1){ref-type="media"}).Table 4Association of rs78089757\[A-allele\] with bipolar disorder in East Asian populationsSampleAncestryCaseControlFre_CaseFre_ControlTwo-tailed *p* valueOR95% CIsChinaChinese114619560.02550.01910.08811.3580.955--1.9311KGenome^[@CR59]^Chinese2080.00962CONVERGE^[@CR10]^Chinese52220.0160ChinaChinese19080.0183Combined Chinese114692940.02550.01690.003521.5261.149--2.028Japan 01^[@CR17]^Japanese154574080.0410.0320.006271.3301.087--1.628Japan 02^[@CR17]^Japanese141954,4790.0500.0351.44E−051.4701.235--1.750Meta-analysis411071,181//5.22E−091.4291.268--1.610Note: Test of heterogeneity: *I*^2^ = 0, *p* value = 0.673. *OR* odds ratio, *CIs* confidence intervals; 1KGenome, 1000 Genomes Project. The genotype data of rs78089757 in the 1000 Genomes Project includes 103 CHB (Han Chinese in Beijing, China) and 105 CHS (Southern Han Chinese, China) subjects. The additional Chinese control individuals (*n* = 1908) have not been published before

***SCN2A*and*SHANK2*are associated with major depressive disorder in Han Chinese** {#Sec15}
----------------------------------------------------------------------------------

Given the substantial genetic overlap between BPD and MDD^[@CR50]--[@CR53]^, we also examined the associations of the 21 BPD risk SNPs with MDD in a published Chinese GWAS conducted by CONVERGE Consortium (5303 cases and 5337 controls)^[@CR10]^. Among the 21 tested SNPs, 18 European BPD risk alleles were also highlighted in Chinese MDD cases compared with controls. Importantly, two SNPs (rs17183814 and rs12575685) have even achieved nominal significance (Table [S6](#MOESM1){ref-type="media"}). Rs17183814 locates in the gene *SCN2A*. This SNP was previously reported to confer genome-wide significant risk of BPD in Europeans (two-tailed *p* = 2.02E−09, OR = 1.142, Table [1](#Tab1){ref-type="table"})^[@CR14]^, and is also associated with BPD in our Han Chinese sample with the similar effect size (one-tailed *p* = 0.0311, OR = 1.153, Table [1](#Tab1){ref-type="table"}). We reveal that the BPD risk allele \[G\] of the SNP also increases risk of MDD in a similar effect size (two-tailed *p* = 0.00875, OR = 1.116, Table [S6](#MOESM1){ref-type="media"}). The second SNP rs12575685 locates in the gene *SHANK2*, and is also significantly associated with MDD in Chinese (two-tailed *p* = 0.00558, OR = 1.095, Table [S6](#MOESM1){ref-type="media"}). However, it did not show evidence of association with BPD in our Chinese sample (one-tailed *p* = 0.143, OR = 1.066, Table [1](#Tab1){ref-type="table"}). The considerable OR for this SNP suggests that this negative result is probably due to the limited sample size.

Discussions {#Sec16}
===========

In the current studies, we have performed replications of previous BPD GWAS findings in an independent case and control sample set of Chinese origin. By combining our data with the previous BPD GWAS datasets, we have further confirmed that several genes (such as *FADS1*, *MAD1L1*, *SCN2A*, and *ITIH3*) are likely involved in the genetic risk of BPD. We also observed a genome-wide significant locus at 10q26.13 in East Asian populations.

This study has provided essential information as we have used a newly collected BPD sample from Mainland China, which has not been explored before the year of 2018. While we have tested whether the risk associations observed in other populations could be replicated in Chinese, further expanding analyses are also warranted to uncover Chinese specific genetic risk factors for BPD. Additionally, we have also utilized the brain amygdala samples from Chinese population. Although the sample size is relatively moderate compared to European brain eQTL studies^[@CR34],[@CR36],[@CR56]^, it is still one of the largest brain samples ever reported in Chinese population. These data are therefore valuable in helping elucidate the molecular mechanisms underlying genetic risk factors of BPD and other psychiatric illnesses.

We have reported the intriguing finding of the association between rs174576 and *FADS1* expression. Indeed, this genomic region has been recently highlighted in several BPD GWAS^[@CR14],[@CR17]^. However, this genomic region contains numerous high-LD SNPs and spans many genes (Figure [S2](#MOESM1){ref-type="media"}), making it difficult to pinpoint the causative gene(s). Our analyses, together with previous studies, suggest that *FADS1* is likely a BPD-related gene, and decreased expression of *FADS1* might be a potential risk factor. However, this gene was not highlighted in recent studies of genome-wide RNA-seq analyses in the brains of BPD patients^[@CR60]--[@CR63]^, and in a candidate gene study, mRNA expression of *FADS1* was slightly higher in patients with BPD compared with nonpsychiatric controls^[@CR64]^. Therefore, the mechanism by which *FADS1* involved in BPD pathogenesis is rather more complicated and remains to be elucidated. The *FADS1* gene encodes a member of the fatty acid desaturase (FADS) protein family. As described previously, *FADS1* desaturates omega-3 and omega-6 polyunsaturated fatty acids at the delta-5 position and thereby catalyzes the final step of eicosapentaenoic acid (EPA) and arachidonic acid formation^[@CR65]^. Interestingly, the SNP rs174576 has been reported to correlate with whole-body fat oxidation^[@CR66]^, desaturase indices, and the impact of hormonal contraceptives on plasma docosahexaenoic acid concentrations^[@CR67],[@CR68]^. While long-chain (\>20 C-atoms) polyunsaturated fatty acids (LC PUFAs) are known to be important for the functional integrity of brain development, cognitive abilities, and mood^[@CR69],[@CR70]^, the association between rs174576 and psychiatric disorders gains further support. These lines of evidence are in line with a previous study^[@CR17]^, in which the authors speculated that alterations in lipid signaling pathways and metabolism might be involved in the pathophysiology of BPD. In fact, epidemiological studies found that increased incidences of hyperlipidemia and metabolic syndrome appeared in BPD patients compared with general populations^[@CR71]--[@CR73]^. In addition, a previous study found that rs174576 was associated with white matter abnormality in 83 preterm infants (quantified in vivo using diffusion tensor imaging), providing possible evidence that susceptibilities to BPD later in life may be linked to the in uterus exposure to environmental stress^[@CR74]^.

Another gene implicated in the current study, *MAD1L1*, encodes the mitotic spindle assembly checkpoint protein MAD1 that facilitates appropriate onset of anaphase after proper alignment of all chromosomes at the metaphase plate^[@CR75]^. MAD1L1 functions as a homodimer. By interacting with MAD2L1, HDAC1, and histone deacetylase 2^[@CR76],[@CR77]^, this protein likely plays a role in cell cycle control and tumor suppression^[@CR78]^. The *MAD1L1* gene is also known as human accelerated region 3 (HAR3; as mentioned in previous studies^[@CR79],[@CR80]^, HARs are a set of 49 human genomic segments that are conserved throughout vertebrate evolution but are sharply different in human beings), and thus may have played a key role in human evolution^[@CR79],[@CR80]^. Intriguingly, *MAD1L1* has also been implicated in the genetic susceptibility to schizophrenia^[@CR9],[@CR11],[@CR81],[@CR82]^, another psychiatric disease sharing substantial risk factors with BPD. It was also found that *MAD1L1* was linked to the reward systems functioning in healthy adults (an intermediate phenotype for BPD and schizophrenia)^[@CR83]^, adding further evidence for its involvement in psychiatric abnormalities. Although the exact function of *MAD1L1* in brain development and even these illnesses remains unclear, the above evidence strongly suggests that the acceleration of *MAD1L1* region in humans could play pivotal roles in the arising of these human-specific or human-dominant diseases (i.e., BPD and schizophrenia). Further studies dissecting the underlying mechanisms are therefore necessary.

We have also replicated the nominal or marginal associations between variants at *ITIH3, SCN2A*, and *CD47* and the risk of BPD in our Han Chinese sample. *ITIH3* is located at chromosome 3p21, the genomic region repeatedly showing significant associations with BPD^[@CR14],[@CR15],[@CR17],[@CR20],[@CR84],[@CR85]^ and other mental illnesses^[@CR9],[@CR11],[@CR86],[@CR87]^. This chromosome 3p21 region contains multiple high-LD variants in a tight cluster of genes, and thus a causative gene is yet to be determined. *SCN2A* encodes sodium voltage-gated channel alpha subunit 2 (Na~v~1.2). Although this gene has not been highlighted in earlier BPD studies, de novo mutations in *SCN2A* were found associated with autisms^[@CR88]--[@CR91]^, and common variations within or near this gene were also associated with cognitive performance in schizophrenia patients^[@CR92]^. Besides, the gene *CACNA1C* also deserved further attention. In the current study, the *CACNA1C* SNP rs10744560 did not achieve nominal significance in our Chinese sample (*p* = 0.143), however, its OR in our sample is consistent with that in European GWAS^[@CR14]^ (1.130 in Chinese versus 1.076 in Europeans), suggesting that the size of our sample is likely too small to reveal the true significant association between this SNP and BPD. The genome-wide significant association in the meta-analysis of our Chinese sample and previous studies also support this conclusion. *CACNA1C* is a promising BPD candidate gene that encodes the Cav1.2 subunit of voltage-gated calcium channels^[@CR93],[@CR94]^; it is one of the best replicated genetic susceptibility genes for BPD^[@CR14],[@CR18],[@CR19],[@CR21]^ and other psychiatric disorders^[@CR9],[@CR11],[@CR52],[@CR95]--[@CR97]^ across distinct populations, and the risk gene also affects the disease relevant phenotypes in humans^[@CR98]--[@CR100]^ and in animal models^[@CR101]--[@CR103]^ as implicated by multiple studies. Our results thus strongly supports the involvement of these genes in the genetic risk of BPD, but further replication studies are also necessary.

There are, however, several limitations in the present study and we are cautious about the interpretation of these results. First, we replicated the eQTL association between rs174576 and *FADS1* expression in our Han Chinese amygdala sample using qRT-PCR techniques, while in the three European eQTL datasets, they all utilized RNA-seq methods. It is therefore interesting to examine the variation of gene expression quantification results using different methods, and future replication of the eQTL associations using RNA-seq in our Chinese amygdala sample is needed. Second, although we have excluded individuals with histories of major neuropsychiatric or neurological disorders in the control samples, there are the possibilities that some control individuals might also have other types of mental illness, such as cyclothymic disorder (this illness was not individually included in our BPD patients sample)^[@CR104]^, although the prevalence of those illnesses in general populations is relatively low and might not significantly alter the association results.

In summary, we have provided additional support for prior association findings in *FADS1*, *MAD1L1*, *SCN2A*, and *ITIH3*, and have confirmed a risk locus at 10q26.13 that is associated with BPD. While we have presented the genetic association study of BPD using the Han Chinese samples recruited in Mainland China, and have explored relevant mechanisms using the cohort of brain amygdala samples of Chinese origin, the samples sizes are yet to be enlarged for better resolution and statistical power.

Supplementary information {#Sec17}
=========================

Supplementary Figures Supplementary Tables

**Publisher's note:** Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

These authors contributed equally: Lijuan Zhao, Hong Chang, Dong-Sheng Zhou

Electronic supplementary material
=================================

**Supplementary Information** accompanies this paper at (10.1038/s41398-018-0337-x).

We acknowledge with appreciation all the individuals with bipolar disorders and mentally healthy controls whose contributions made this work possible. We are deeply grateful to all the participants as well as to the physicians working on this project. This work was supported by grants from the Strategic Priority Research Program of the Chinese Academy of Sciences (Grant no., XDB13000000); National Natural Science Foundation of China (81722019, 31701133, 31701088, 81471358, and 81771450); the medical and health science and technology project in Zhejiang (2018KY721); Shanghai Municipal Education Commission---Gaofeng Clinical Medicine Grant Support (20152530); the Shanghai Municipal Commission of Health and Family Planning Foundation, Key Developing Disciplines (2015ZB0405); Yunnan Provincial Science and Technology Department---Kunming Medical University Joint Applied Basic Research Project (2015FB031) and Health Science and Technology Plan projects in Yunnan Province (2017NS028) to Weiqing Liu; and research foundation from West China Psychiatric Association to Fang Liu. Xiao Xiao was supported by the Chinese Academy of Sciences Western Light Program, and Youth Innovation Promotion Association, CAS. Ming Li was supported by CAS Pioneer Hundred Talents Program and the 1000 Young Talents Program. The authors wish to acknowledge Prof. Jonathan Flint and the CONVERGE Consortium for providing the genotype data in control subjects of Han Chinese populations.

Conflict of interest {#FPar1}
====================

The authors declare that they have no conflict of interest.
